The trigonal compound EuMg2Bi2 has recently been discussed in terms of its topological band properties. These are intertwined with its magnetic properties. Here detailed studies of the magnetic, thermal, and electronic transport properties of EuMg2Bi2 single crystals are presented. The Eu +2 spins-7/2 in EuMg2Bi2 exhibit an antiferromagnetic (AFM) transition at a temperature TN = 6.7 K, as previously reported. By analyzing the anisotropic magnetic susceptibility χ data below TN in terms of molecular-field theory (MFT), the AFM structure is inferred to be a c-axis helix, where the ordered moments in the hexagonal ab-plane layers are aligned ferromagnetically in the ab plane with a turn angle between the moments in adjacent moment planes along the c axis of ≈ 120
I. INTRODUCTION
The interplay between magnetism and band topology has generated immense interest recently due to the discovery of nontrivial phenomena such as the quantum anomalous Hall effect (QAHE) [1] [2] [3] [4] [5] , axion electrodynamics [6] [7] [8] [9] , and realization of relativistic particles like Majorana fermions [10] [11] [12] [13] . A topological state manifests topologically-protected electronic surface states that are different in nature from the bulk states [14] [15] [16] [17] [18] [19] . In addition to the parabolic bulk band, depending upon symmetry preservation, a unique gapless/gapped surface state with a linear energy versus crystal momentum E-k relation is also observed in these materials, resulting in massless surface electrons with ultrahigh mobility.
Time reversal symmetry (TRS) invariance in topological insulating states and its breaking in the presence of magnetism play a key role in discoveries in this field. Exotic quantum phenomena such as QAHE, chiral Majorana modes, and the topological magnetoelectric effect (TME) have been predicted in topological materials based on TRS breaking by magnetic order, with experimental support [2-4, 6, 7, 10, 14, 20-22] . In a topological material exhibiting the QAHE, electrons can carry a dissipationless current, which is thus promising for use in energy-efficient electronic devices and also for fast computing. The experimental realization of QAHE in magnetic topological insulators has paved the way for researchers to discover other novel phenomena by studying various magnetic topological systems. In order to fully understand the phenomena triggered by TRS breaking in such magnetic topological systems, it is essential to understand the magnetic structure and symmetry of those materials.
Rare-earth-based intermetallic compounds have been of significant interest for many years due to their complex properties such as superconductivity, heavy fermion behavior, valence fluctuations, giant magnetocaloric effect, Kondo behaviour, and quantum criticality [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Several rare-earth-based intermetallic compounds have also been discovered recently to exhibit topological states coupled with magnetic interactions [37] [38] [39] [40] [41] [42] [43] . These discoveries reveal the subtle importance of magnetism in controlling the electronic surface states in the magnetic topological materials.
Recently, multiple Dirac states at different energies with respect to the Fermi energy were reported in a new magnetic topological material EuMg 2 Bi 2 [44] . The magnetic ground state of the compound was suggested to be AFM in nature below T N ≈ 7 K, the details of which are unclear as yet [44] [45] [46] . Based on the magnetic susceptibility behaviour, where the c-axis susceptibility χ c decreases somewhat and the ab-plane susceptibility χ ab is almost temperature independent below T N , it was suggested that the moments are aligned along the c axis [44] , presumably in a collinear AFM structure. In order to understand the mechanism of topological surface states and also to tune its nature it is important to clarify the magnetic structure and its evolution with applied magnetic field in EuMg 2 Bi 2 .
The primary purpose of this work was to investigate • cycloidal helix AFM structure on a triangular lattice that occurs when the wave vector k of a cycloid is in the xy-plane in which the ordered magnetic moments reside. The definitions of d and the exchange constants are the same as in Fig. 1 .
the magnetic structure and to explore the magnetic phase diagram of EuMg 2 Bi 2 as a function of temperature and applied magnetic field H to provide an experimental basis for relating the properties to the topology of the theoretical band structure. We present detailed measurements of the anisotropic χ versus temperature T and magnetization M versus H isotherms for EuMg 2 Bi 2 single crystals, together with complementary heat-capacity and electrical-resistivity measurements. We find that the magnetic susceptibilities for fields applied both inplane and out-of-plane are almost temperature independent below T N , which is very unusual in magnetic Eu +2 -based systems. Using a recently-developed molecularfield theory (MFT) [47, 48] , we deduce that the nearly T -independent χ(T ) data below T N indicate that the magnetic structure is either a c-axis helix in which the Eu moments are ferromagnetically aligned within each ab plane layer, with a turn angle kd ≈ 120
• between the moments in adjacent layers as generically illustrated in Fig. 1 [47, 48] , or a stacked coplanar structure with a 120
• angle between adjacent Eu moments in each triangularlattice ab-plane layer as in the 120
• cycloidal structure in Fig. 2 . The in-plane electrical resistivity ρ(T ) data indicate metallic character with a mild and disorder-sensitive upturn below T min = 23 K. An anomalous rapid drop on cooling below T N as found in zero field is replaced by a two-step decrease in magnetic fields. The ρ(T ) measurements also reveal an additional transition below T N in applied fields of unknown origin that is not observed in the other measurements and may be associated with an incommensurate to commensurate AFM transition.
The experimental details and the crystal structure studies are discussed in Sec. II. The χ(T ) and M (H) isotherm data and analyses are given in Sec. III. Our heat capacity C p (H, T ) data and analyses are presented in Sec. IV, and the electrical resistivity ρ(H, T ) data and analyses in Sec. V. The paper concludes with a summary in Sec. VI.
II. EXPERIMENTAL DETAILS AND CRYSTAL STRUCTURE
Single crystals of EuMg 2 Bi 2 were grown with the flux method in two different ways using high purity elements Eu (Ames Laboratory), Mg (Alfa Aesar, 99.98%), and Bi (Alfa Aesar, 99.9999%). One batch of crystals was obtained from the nominal flux composition EuMg 4 Bi 6 as described elsewhere [45] . Another batch of crystals was grown from the starting composition EuMg 2 Bi 7 . The starting elements were loaded into alumina crucibles and sealed in silica tubes under ≈ 1/4 atm of Ar gas. A sealed tube was heated to 900
• C at a rate of 50
• C/h and held at that temperature for 12 h. Then it was cooled to 500
• C over 200 h and the single crystals were then obtained by decanting the excess flux using a centrifuge. Most of the crystals obtained are three dimensional in shape with clear trigonal facets. In this work measurements were carried out on crystals obtained using the first growth process.
Room-temperature x-ray diffraction (XRD) measurements were carried out using a Rigaku Geigerflex x-ray diffractometer using Cu-K α radiation. Structural analysis was performed by Rietveld refinement using the Fullprof software package [49] . The chemical composition and homogeneity of the crystals were checked using a JEOL scanning-electron microscope (SEM) equipped with an EDS (electron dispersive x-ray spectroscopy) analyzer.
The T -and H-dependent magnetization measurements were performed using a magnetic-properties measurement system (MPMS, Quantum Design, Inc.) in the T range 1.8-300 K and H up to 5.5 T (1 T ≡ 10 4 Oe). A Quantm Design, Inc., physical-properties measurement system (PPMS) was used to measure C p (H, T ) and ρ(H, T ). Contacts to the samples were soldered with In in standard four-probe configuration, similar to the technique used for FeSe [50] . The contact resistance was in the sub-Ohm range.
The reported CaAl 2 Si 2 -type trigonal crystal structure of EuMg 2 Bi 2 (space group P3m1) [45, 51] is shown in Fig. 3 . The structure consists of stacked planar triangular lattices of Eu in the ab plane separated along the c axis by two ordered MgBi layers. The room-temperature powder x-ray diffraction (XRD) pattern collected on crushed EuMg 2 Bi 2 single crystals along with our Rietveld refinement are shown in Fig. 4 
III. MAGNETIC SUSCEPTIBILITY VERSUS TEMPERATURE AND MAGNETIZATION VERSUS FIELD ISOTHERMS
A. Magnetic susceptibility
The magnetic susceptibility χ = M/H of a EuMg 2 Bi 2 single crystal was measured at different applied magnetic fields H in both zero-field-cooled (ZFC) and field-cooled (FC) modes. However, no signature of thermal hysteresis could be evidenced down to the lowest measured temperature even for the lowest applied magnetic field of 0.05 T. The temperature dependences of χ in ZFC mode measured at H = 0.1 T applied in the ab plane (H ab) and along the c axis (H c) are shown in Fig. 5(a) . Both χ ab and χ c exhibit a sharp peak at T N = 6.7(5) K for H = 0.1 T which is close to the previously reported T N for the compound [44] [45] [46] . Below T N , both χ ab and χ c are almost independent of T . Because χ c < χ ab below T N as in Fig. 5(a) , it was suggested previously that the Eu ordered moments with spins-7/2 aligned antiferromagnetically along the c axis. We obtain a different model below.
χ ab and χ c start to diverge from each other below T ≈ 40 K, which is much higher than T N . This divergences suggests the occurrence of anisotropic FM fluctuations below this temperature, with the strongest fluctuations in the ab plane. We removed the influence of magnetic anisotropy in the paramagnetic (PM) state above T N by carrying out a spherical average of the data according to
as shown in Fig shows that after correcting for the anisotropy in χ above T N , χ ab and χ c are nearly the same and nearly independent of T below T N . According to MFT [47, 48] , these two features suggest that the Eu spins are ordered in either a stacked planar 120
• configuration or in a c-axis helix with turn angle kd ≈ 120
• . Such behaviour was previously observed for different 120
• -ordered triangular-lattice AFM systems [52] [53] [54] including for the most quantum spin S = 1/2, but where the explanation was not available at that time. Indeed, the MFT predicts that for 120
• ordering in either a planar structure or in a helix with a 120
• turn angle between layers, below T N the susceptibility should be isotropic and independent of both T and the value of the spin quantum number S [47, 48] .
The anisotropic field-dependent magnetic susceptibilities χ ≡ M/H for H ab and H c are plotted versus T for T < 30 K in Figs. 6(a) and (b), respectively. The T N shifts to lower temperature with increasing H for both field directions, but the suppression for H > 1 T is clearly faster for H ab than for H c. The inverse magnetic susceptibility data in the PM region are fitted by the modified Curie-Weiss law
0.0 0.5 where χ 0 is an isotropic temperature-independent term, θ p is the Weiss temperature, and C is the Curie constant given by
where, N A is Avogadro's number, g α is the spectroscopic splitting factor (g factor) for the α th direction, k B is Boltzmann's constant, and µ eff is the effective moment of an Eu spin in units of Bohr magnetons µ B . Figures 7(a) and 7(b) depict the χ −1 (T ) behavior in H = 0.1 T for H ab and H c, respectively, along with the modified Curie-Weiss fits obtained using Eq. (2) . The parameters of the fits for the two different field directions are listed in Table II . The µ eff values obtained from C for both applied field directions are close to the value 7.94 µ B expected for Eu 2+ spins S = 7/2 with g = 2. The positive value of θ ab indicates predominant in-plane FM interactions. The difference in magnitude of θ ab and θ c may be due to the increased magnitude of FM fluctuations in the ab plane compared to those along the c axis as discussed above. TABLE II: The T -independent contribution to the susceptibility χ0, Curie constant per mol Cα for fields in the α = ab, c directions, effective moment per Eu µ eff (µB/Eu) = √ 8C and Weiss temperature θpα obtained from the χ −1 (T ) versus T fits for H = 0.1 T using Eq. (2).
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C. Heisenberg exchange interactions from MFT model
The Heisenberg exchange interactions between the Eu spins have been estimated using a minimal onedimensional J 0 -J 1 -J 2 MFT model for a helix [55, 56] . Here J 0 is the sum of the Heisenberg exchange interactions of a representative spin to all other spins in the same ab-plane layer, J 1 is the sum of exchange interactions of a spin to all spins in a nearest layer along the helix axis, and J 2 is the sum of the exchange interactions of a spin with all spins in a next-nearest layer (see Fig. 1 ). According to this MFT model, these exchange interactions are related to the turn angle kd, AFM transition temperature T N , and Weiss temperature θ p by [47, 48] 
where a positive (negative) J corresponds to net AFM (FM) interactions. The values of J 0 , J 1 , and J 2 were estimated using the parameters S = 7/2, T N = 6.7 K, θ p = θ p ave = 1.31(13) K (spherical average), and kd = 0.66π ≈ 120
• , yielding
The FM value of J 0 and AFM values of J 1 and J 2 are consistent with a c-axis helical spin structure with the moments ferromagnetically-aligned in each ab plane layer [47, 48] . This model is also consistent with the Weiss-temperature anisotropy in Table II . The alternative possibility of a stacked triangular-lattice planar array of ordered moments with an angle of ≈ 120
• between adjacent moments in each layer is less likely because in that case one would expect θ ab to be AFM (negative) instead of positive (FM) as given in Table II . for a c-axis helix with a turn angle of 120
• [48, 57, 58] . For the in-plane M ab (H) with this turn angle, a smooth crossover between a helix and a fan phase is predicted even though the theoretical prediction in this case is that M ∝ H below saturation. This prediction is indeed in apparent agreement with the data in Fig. 8(a) and the low-field data at T = 1.8 K displayed in Fig. 10(a) .
However, a detailed analysis of these M ab (H) data reveal a nonlinearity with a peak at H ≈ 300 Oe from the derivative plot dM ab /dH versus H in Fig. 10(b) that is not predicted by the MFT, whereas the corresponding c-axis data in this figure show no such feature in agreement with MFT. The deviation from linearity in the low-H M ab (H) data is also temperature dependent as seen from Fig. 10(c) . The deviation is strongest at T = 1.8 K, diminishes with increasing T , and vanishes for T > T N . All these isothermal low-H M (H) measurements were carried out on warming after quenching the superconducting magnet to avoid remanent fields in the magnet that might affect the results. It would be interesting to investigate by neutron diffraction how the magnetic structure changes in the low-field region below 1000 Oe.
IV. HEAT CAPACITY AND H ⊥ -T PHASE DIAGRAM
The zero-field single-crystal heat capacities C p (T ) of EuMg 2 Bi 2 and the nonmagnetic analogue YbMg 2 Bi 2 measured in the temperature range 1.8-300 K are plotted in Fig. 11(a) . The C p of EuMg 2 Bi 2 exhibits a pronounced peak at T N = 6.7 K as evident from the inset of Fig. 11(a) . The C p (T ) attains a values of ≈ 122.5 J/mol K and ≈ 121 J/mol K at T = 300 K for EuMg 2 Bi 2 and YbMg 2 Bi 2 , respectively. These values are close to the classical Dulong-Petit limit due to acoustic phonon modes C V = 3nR = 124.7 J/mol K with n = 5 being the number of atoms per formula unit of the above compounds.
In order to estimate the lattice contribution, we fitted the C p (T ) data in the temperature region above T N by the sum of electronic and Debye lattice terms
where γ is Sommerfeld electronic heat capacity coefficient, Θ D is the Debye temperature, and R is the molar gas constant. The Padé approximant for the Debye function in Ref. [59] was used for the lattice part of the fit. As seen from dashed curve in Fig. 11(b) , the lattice part is not described well by the Debye model. A much better fit was obtained by including an Einstein lattice contribution according to where
with Θ E being the Einstein temperature, as shown by the solid curve in Fig. 11(b) . The parameter α determines the fraction of the Einstein contribution to the total lattice heat capacity. A very good fit of the C p (T ) data for EuMg 2 Bi 2 by Eq. (7) in the temperature range 25 to 300 K was achieved, as depicted in Fig. 11(b) . The fitted parameters are γ = 11(1) mJ/mol K, Θ D = 343(7) K, Θ E = 85(2) K, and α = 0.45 (2) . The Debye temperature is much higher than than the value of 211 K previously reported [45] . The low Einstein temperature suggests the presence of a low-frequency optic mode associated with the heavy Bi and/or Eu atoms. The magnetic contribution C mag (T ) to the heat capac- ity of EuMg 2 Bi 2 was obtained by subtracting the C p (T ) data of nonmagnetic analogue YbMg 2 Bi 2 in Fig. 11 (a) after correcting for the difference in formula weights, where the temperature scale T * of YbMg 2 Bi 2 was obtained as
where, T is the experimentally-measured temperature. The C mag (T ) was also estimated by subtracting the lattice contribution obtained from the fit of the C p (T ) data by Eq. (7). Figure 12 (a) shows C mag (T ) obtained using the two different lattice heat capacity estimates. The two calculations of C mag (T ) agree very well below T N , but the data above T N obtained using the measured lattice contribution of YbMg 2 Bi 2 is physically more likely. According to MFT, the discontinuity in C mag at T = T N is given by [48] ∆C mag = 5S(1 + S)
where R is the molar gas constant. The jump ∆C mag in C mag for EuMg 2 Bi 2 at T N = 6.7 K expected from Eq. (10) is 20.14 J/mol K for S = 7/2. The experimentallyobserved jump ∆C mag (T N ) ≈ 25 J/mol K is significantly larger than the MFT prediction. This difference arises because the observed λ shape of C mag (T ) below T N is different from that of the MFT prediction shown as the solid curve in Fig. 12 (a) obtained as follows.
The C mag (T, H = 0) according to MFT is given by [48] 
whereμ 0 (t) ≡ µ 0 (t)/µ sat is the reduced ordered moment versus t in H = 0, µ sat = gSµ B is the saturation moment of the spin, B S (y) is Brillouin function, and B S (y 0 ) ≡ dB S (y) dy y=y0
. The solid black curve in Fig. 12(a) represents the C mag (T ) predicted by MFT with T N = 6.7 K and S = 7/2. The disagreements with the data in Fig. 12(a) arise from neglect of magnetic fluctuations in MFT. The T -dependent magnetic entropy above T N arises from dynamic short-range magnetic ordering of the Eu spins.
The zero-field magnetic entropy S mag (T ) for EuMg 2 Bi 2 in Fig. 12(c) was obtained from the zero-field C mag (T )/T data in Fig. 12(b) using the relation
The C mag (T ) data in the T range 0-1.8 K for which we have no data was estimated using MFT as shown by the dashed blue line in Fig. 12(b) . The S mag (T ) calculations for EuMg 2 Bi 2 using the above two methods of calculating C mag (T ) are shown in Fig. 12(c) . The S mag (T ) calculated using th Debye-Einstein lattice contribution saturates at high T to a value of 18.2 J/mol K, which is slightly larger than the theoretical high-T limit the other hand, when using the YbMg 2 Bi 2 lattice contribution, S mag saturates to a value of 16.7 J/mol K which is slightly smaller than the theoretical prediction. The S mag reaches to 94% and 91% of R ln (8) at T N in these two calculations, respectively. The nonzero contributions to C mag (T ) and S mag (T ) above T N arise from magnetic fluctuations. This feature has also been observed in other spin-7/2 Eu +2 AFM systems [60] [61] [62] . The variation of C p (T ) with magnetic field H ⊥ defined to be the field applied along the c axis, perpendicular to the zero-field ab ordering plane, is shown in Fig. 13 . Here we define the field along the c axis as H ⊥ so as not to confuse the notation with the critical field H c and the c-axis field H c . Due to the constraints of the PPMS used to measure C p , it was not possible to measure C p (T ) with H ab. As seen from Fig. 13 , T N shifts to lower temperature with increasing H ⊥ and also the jump in C p at T N decreases, where T N is defined as the temperature of the peak in the heat capacity because of the contribution of dynamic short-range magnetic ordering to C mag above T N .
From the data in Fig. 13 , one could plot T N versus H ⊥ or the critical field H c⊥ versus T . We use the latter scaling because for a helical antiferromagnet, H c⊥ (t) is given theoretically by MFT as [48] H c⊥ (t) = H c⊥ (t = 0)μ 0 (t),
whereμ 0 (t) is calculated using Eqs. Fig. 13 , where H ⊥ is defined to be the field along the c axis, perpendicular to the ab plane in which the moments order in zero field. The red curve is a fit to the critical-field H c⊥ (T ) data by Eq. (13) for spin S = 7/2 and the fitted parameters are listed in the figure. Data obtained from M (H c⊥ , T ) and ρ(H c⊥ , T ) measurements have also been plotted. This fit separates the phase diagram into two regions which are the helical antiferromagnetic (AFM) and paramagnetic (PM) regions. The three special points in the ρ(T ) data at low fields between 4.3 and 5.2 K (T2, crosses) and at 3.7 K (T3, up-triangle) are associated with phase transitions of unknown origin that were not detected in the other measurements.
V. ELECTRICAL RESISTIVITY
The temperature dependence of the ab-plane resistivity measured in the temperature range 2 to 300 K in zero magnetic field is plotted in Fig. 15(a) . The data are presented using a normalized ρ(T )/ρ(300K) scale. The resistivity shows a metallic decrease on cooling down to a shallow minimum at T min ∼ 23 K, followed by a slight increase on further cooling. A sharp resistivity decrease below T = 6.75 K (transition midpoint) indicates the onset of AFM ordering in the system.
The observed ρ(T ) behavior is notably different from that reported in the previous study [44] , in which a Snflux-grown single crystal was used for the measurements. In contrast to our observation, the shallow minimum in the ρ(T ) was observed at a much higher temperature at ∼ 125 K, below which the resistivity increases significantly. The decrease of resistivity below T N in that study is also notably smaller than in our crystals. The extrapolated residual resistivity ratio RRR ≡ ρ(300 K)/ρ(2 K) ≈ 1.55 for our crystal is larger compared to the earlier report, with RRR ≈ 1.14. The observed discrepancies in the ρ(T ) behavior of the two differently-grown crystals are most likely associated with a significant difference in the disorder and/or impurity levels. Interestingly, the strong sample-dependent sensitivity of the increase of resistivity below the minimum also suggests an impurity origin similar to the effect caused by magnetic defects in metals due to the Kondo effect [63] . The evolution of the temperature-dependent resistivity with H c is shown in Fig. 15(b) . Of special note is the evolution between H = 0 T (black) and 0.5 T (red).
While the transition with onset at T N = 6.93 K in zero field is accompanied by a pretty sharp (full width of 0.4 K) resistivity decrease, the feature at T N = 6.85 K (which does not change much in temperature compared to the 0 T curve, as indicated by simple vertical black and red arrows in Fig. 14) , the decrease in ρ(T ) at 0.5 T is quite small. On further cooling ρ(T ) for 0.5 T reveals a second feature [we label it T 2 = 5.1 K and indicate with a cross arrow in Fig. ??(b) ], below which the main resistivity decrease happens. A similar T 2 feature is found for the curve in 0.75 T field. The third feature at T 3 = 3.8 K (up-triangle arrow) leads to flattening of the ρ(T ) in H c =0.5 T on T → 0 K. The T 3 is not found for 0.75 T in the temperature range studied. A magnetic field of 1 T suppresses the T 2 feature, but the feature at T N remains clearly discernible. With further magnetic field increase to 1.25 T the shape of the anomaly in ρ(T ) changes qualitatively, with a flattening of the resistivity, and eventually increases on cooling for H c =2.5 T. A monotonically decreasing ρ(T ) as found at 3 T suggests the suppression of T N to below the temperature range studied.
We summarize the anomalies in ρ(T, H) in the above phase diagram in Fig. 14 . For fields below 1 T the feature in ρ(T, H) at T N (solid blue circles) is in good agreement with the heat capacity (black solid squares) and magnetization (green down-triangles) measurements. For H ⊥ = 1.25 T the position of the highest temperature feature starts to go to zero notably faster than suggested by the magnetization and heat capacity determinations of T N . Note that the response in resistivity changes in the same field range.
The position of the T 2 feature (blue crosses in Fig. 14 ) seem to be smoothly connected to the zero-field T N (blue dashed line). The position of the T 3 feature (solid blue up-triangle) does not seem to be connected to any special point in the phase diagram.
The sharpness of the feature at T N in zero-field resistivity measurements suggest a first-order character of the transition, and its splitting into two second-order transitions with application of magnetic field. However, this interpretation is not supported by either the χ(T ) or C p (T ) data in Fig. 5 and the inset of Fig. 11 , respectively.
The fact that the low-temperature features at T 2 and T 3 are not observed in heat capacity and magnetization measurements may suggest that the features are due to lock-in transitions (transformations of helical order in magnetic field between incommensurate and commensurate on cooling), particularly difficult to observe in thermodynamic measurements due to the minute entropy changes involved [64] .
VI. SUMMARY
In this work, we have investigated the detailed magnetic, thermal, and electronic transport properties of single crystals of the trigonal compound EuMg 2 Bi 2 , which has recently been reported to host multiple Dirac states. The magnetic susceptibility shows that the compound undergoes AFM ordering below T N = 6.7 K associated with the Eu +2 spins 7/2, as reported earlier. The magnetic susceptibilities are found to be almost independent of temperature below T N for both H c and H ab, where the hexagonal setting of the trigonal structure has lattice parameters a = b and c. According to molecular field theory (MFT), this behavior strongly suggests that the magnetic structure of EuMg 2 Bi 2 below T N is a c-axis helix, where ferromagnetically-aligned moments in ab planes rotate in a c axis helical structure by a turn angle of ≈ 120
• from plane to plane along the c axis. Another possible but less probable magnetic structure is a planar structure with in-plane nearest-neighbor Eu spins aligned at ≈ 120
• with respect to each other, with such planes stacked along the c axis. The latter structure is less likely because the calculated value of the net in-plane magnetic exchange interaction J 0 derived from MFT is positive (FM), rather than negative (AFM) as would be expected for the latter structure, and because the Weiss temperature in the Curie-Weiss law is positive (FM-like) for fields in the ab plane.
According to MFT, the c (⊥)-axis magnetization M c of a c-axis helix is linear for applied fields from H = 0 to the critical field H c⊥ at which the magnetization reaches the saturation magnetization and a second-order transition to the saturated paramagnetic state occurs. For fields applied in the ab plane of a helix with a 120
• turn angle, M ab is also predicted to be linear from H = 0 to the critical field H c ab at T = 0, even though a smooth crossover from a helix to fan phase occurs if the spins are confined to the ab plane. On the full scale of our M (H) measurement field, these predictions are verified. However, on closer examination, we find that M ab (H) shows a subtle nonlinearity at fields below about 500 Oe. It would be interesting in future work to determine experimentally what change in the magnetic structure this nonlinearity is associated with.
The zero-field heat capacity C p (T ) measurement reveals a λ anomaly at T N that shifts to lower temperature with increasing H. The zero-field magnetic contribution C mag (T ) to C p (T ) obtained using two different background subtractions reveals the presence of short-range dynamic magnetic fluctuations both below and above T N that contribute to the high-temperature limit of the magnetic entropy. This limit is close to the value expected for Eu spins S = 7/2.
A sharp drop in the electrical resistivity ρ(T ) is observed on cooling below T N in zero field. It is replaced by a two-stage resistivity decrease in the smallest applied magnetic fields. This behavior is contrary to the normally-observed behavior. The resistivity decrease below T N is governed by a decrease of magnetic entropy [65] and the sharp feature suggests a first-order character of the transition in zero field and its splitting in magnetic field. This behavior is not reflected in the χ(T ) or C p (T ) data, and to our knowledge has not been observed previously on cooling below T N in any other antiferromagnetic material. The drop is linear in temperature in nonzero c-axis magnetic fields with the temperature width of the drop increasing with increasing field. A resistivity minimum above T N was also observed in the ρ(T ) data at ∼ 23 K, which is a significantly lower temperature than that reported earlier in Ref. [44] . Interestingly, although only one magnetic transition at T N is observed in our magnetic and heat capacity data, in addition to the above-noted feature at T N the ρ(T ) data also reveal another distinct field-dependent anomaly in the magnetic-field range 0.5 T ≤ H ≤ 0.75 T for T = 4.3 to 5.2 K.
On the basis of the magnetic, thermal, and electronic transport studies, a magnetic phase diagram in the H-T plane for fields parallel to the c axis was constructed that includes the antiferromagnetic and paramagnetic regions. The phase boundary between these two phases is fitted satisfactorily by MFT.
It would be interesting to theoretically investigate the degree and manner to which one or more of our measured properties of single-crystalline EuMg 2 Bi 2 are influenced or even caused by topological features of the band structure. Of particular interest is the origin of the rapid drop in the resistivity on cooling below T N .
